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Introduction
Vortex studies in high temperature superconductors have attracted the attention of many workers resulting in the discovery of new fascinating phenomenon such as irreversibility line, vortex phase transition, etc. [1] [2] [3] [4] [5] [6] [7] . In recent times, the statics and dynamics of the flux line lattice (FLL) has been probed through various techniques such as transport, magnetic and structural measurements. The static properties of the FLL are measured by magnetization and bitter decoration, whereas the dynamics of vortex state is probed by applying a small perturbation and Physica C 382 (2002) [386] [387] [388] [389] [390] [391] [392] [393] [394] www.elsevier.com/locate/physc measuring the response of the vortex to the perturbation or via transport measurements above the superconductor critical current (J c ). However, transport measurements have some disadvantages, the large transport currents used to overcome the strength of pinning centers produce heating of sample and self-field bends the vortex filament.
Measurements of FLL response to ac field are widely used to investigate the flux dynamics of type II superconductors. Experiments such as magnetic susceptibility, surface impedance [8, 9] , vibrating-reed mechanical resonator [10, 11] have a common feature that a small ac field interacts with the vortices that have penetrated the samples. Towards this end ac susceptibility measurements [1, 6, 7, 12, 13] have been extensively carried out to understand the dynamics of the FLL. Explanation of these phenomena requires substantial theoretical efforts. The theories of vortex motion are explained by microscopic parameters such as viscosity, pinning potential, pinning constant, etc. Hence the accuracy in the determination of these parameters is very important. High frequencies, particularly frequencies in microwave regime, are most suitable for this purpose because they probe the vortex response at low currents when the vortices undergo reversible oscillations and are less sensitive to thermal flux creep.
In measurements such as transport, dc magnetization and ac susceptibility, carried out on weakly pinned type II superconductors, an anomalous feature was seen in J c behaviour in isofield or isothermal measurements. This phenomenon, known as peak-effect (PE), relates to an anomalous increase in J c , close to H c2 or T c , terminating in a peak, with increasing magnetic field or temperature. This interesting phenomenon of PE in type II superconductors has attracted widespread attention, in order to understand the order-disorder transition in the FLL in the mixed state of type II superconductors. Despite many years of efforts, the PE still awaits complete theoretical understanding [14] [15] [16] ; however, it is now widely accepted that the development of PE is due to rapid softening of vortex lattice and occurrence of plastic deformation in FLL [1, 14] . The FLL is expected to be amorphous at and above the peak in J c . Therefore, the study of PE phenomenon is important for understanding the processes involved in the order-disorder transformation of the FLL.
In a varying temperature measurement, at the PE temperature (T p ) the vortex state in a type II superconductor undergoes a transition from an ordered state below T p to a highly disordered state above T p [6, 7, 11, 14, 15, 17] . This order-disorder transition can be expressed within the LarkinOvchinnikov [16] scenario where the effective pinning force on the FLL is given by the expression,
where n p is the density of pinning centers, f is the elementary pinning interaction proportional to condensation energy, B is the magnetic induction and V c is the correlation volume of Larkin domain over which the vortex lattice retains its spatial hexagonal symmetry. At T p , as per Eq. (1), V c shrinks rapidly due to the disordering of the FLL (faster than the decrease in hf 2 i, which causes the usual monotonic decrease in ac screening response with increase in H or T) thereby enhancing the critical current upto peak position of PE. Though this general scenario has been accepted by most of the authors, the exact nature of the order-disorder transition is still an issue of intense research. Several phenomena, such as the melting of the FLL to a liquid state [11] or its amorphisation to a state with random quenched disorder [12] have been proposed as the physical scenario governing the PE phenomenon in both low and high T c superconductors.
In ac susceptibility measurements, [6, 7, 12, 13 ] carried out on type II superconductors, the variation of J c is probed, where the force on vortices becomes equal to the maximum pinning force. These measurements are typically carried out with an ac excitation field in the range of few tens of Hz to few MHz and reveal no frequency dependence of the peak position, which is in agreement with true thermodynamic phase transition [13] . On the other hand, a small microwave excitation induces a current, which is much smaller than the critical current. Therefore, with microwave induced current the vortices move back and forth close to the minimum of the pinning potential and experience a restoring force close to the potential minimum. Hence, the motion of vortices is determined by the balance between pinning and viscous force. There have been few studies [18] [19] [20] on the dynamics of the FLL in microwave regime; but there have been no reports on the observation of PE at microwave frequencies either in low T c or in high T c superconductors. However, very recently we have reported the observation of PE in microwave surface resistance in a pulse laser deposited DyBa 2 -Cu 3 O 7Àd (DBCO) thin film in magnetic field in the range 0.2-0.8 T (kc-axis) [22] . This paper reports a subsequent work carried out on both DBCO and YBa 2 Cu 3 O 7Àd (YBCO) thin films at 4.88 and 9.55 GHz in magnetic field parallel to c-axis ranging from 0.2 to 0.8 T. All the data presented in this paper are for the zero field cooled cases.
Experimental
Both DBCO and YBCO films were grown by pulsed laser deposition technique on single crystal LaAlO 3 substrates. The films were deposited in 250 mTorr oxygen pressure and the substrate temperature during the deposition was 780°C. The target to substrate distance was 4 cm. Using X-ray diffraction, all the films were found to be c-axis oriented. The transition temperatures of all three films, determined using ac magnetic susceptibility measurement, were found to be 90 AE 0:3 K. Each film was subsequently patterned into a linear microstripline of width 175 lm and length 9 mm, and the microwave measurements were performed using microstrip resonator technique. A HewlettPackard scalar network analyser and a synthesized sweeper source were used for the measurements. Details of this measurement have been described elsewhere [23] . DC magnetic field up to 0.8 T was applied perpendicular to the film plane (parallel to the c-axis of the film) using a conventional electromagnet. The temperature instability during measurements was always <30 mK. Fig. 1(a)-(c) show the variation of surface resistance, measured at 9.55 GHz, i.e., at first har- monic excitation of microstrip resonator, with temperature at different applied dc magnetic fields for two DBCO films (D 1 , D 2 ) and one YBCO (Y) film. We see a pronounced peak followed by a dip in R s measured at 9.55 GHz. The development of peak in R s is a common feature in all the samples. It is also observed that the peak position shifts to lower temperature as the magnetic field is increased. Fig. 2 shows R s vs temperature (T) plot for the sample D 1 with different microwave power levels at 9.55 GHz. The peak position and nature of the peak do not change with the relative power level indicating that the currents induced by the microwave field is lower that the critical current of the superconducting film. Fig. 3(a) -(c) show R s as a function of temperature measured at 4.88 GHz, i.e., corresponding to fundamental excitation of microstrip resonator, with different applied dc magnetic fields for the three samples, D 1 , D 2 and Y. From the Fig. 3(a) -(c) it is seen that the peak is less pronounced at fundamental frequency as compared to the peak observed at the first harmonic excitation frequency (Fig. 1) . For all the samples the peak shifts to lower temperature with increasing magnetic field.
Results and discussion
The dynamics of the vortices at microwave frequencies can be described by an equation of motion given by Gittleman and Rosenblum [21] and given as, where g is the Bardeen-Stephen viscous drag coefficient, k is the pinning constant and F is the external force on the vortex given by, F ¼ J U 0 , where U 0 is flux quantum hc/2e. It can be shown that the vortex impedance is given by,
where x p is the depinning frequency given by, x p ¼ ðk=gÞ. From Eq. (3b) it can be seen that at low frequencies (x < x p ) the vortex impedance is mostly inductive, i.e., q v ¼ ÀixBU 0 =k, dominated by pinning, whereas at high frequencies (x > x p ) the motion is mostly resistive with pinning playing very minor role, i.e., q v ¼ BU 0 =g. From the theoretical point of view the dynamics of the FLL at microwave frequencies is interesting since at frequencies (x > x p ) the FLL is expected to behave as if unpinned [21] . Within the collective pinning scenario [16, 18] , the vortices move together like a semi-rigid body and hence, the applicability of Eq. (2) within Larkin volume will be useful in gathering information on vortex motion at microwave frequency. In this case, the total external force per unit volume on the FLL within V c will be given by
On the other hand, the total restoring force per unit volume will be the same as in Eq. (1), and therefore, k / ðn p hf 2 i=V c Þ 1=2 and will have the same temperature and field variation as J c , and will show a peak close to T c (H). Since g varies smoothly with temperature, this will give rise to a peak in x p . As explained by us earlier [22] , if the measurement frequency is close to depinning frequency a minimum in the surface resistance at the order-disorder transition of the vortex lattice is expected where V c shrinks rapidly. On the other hand, if the measurement frequency is much less or much more than the depinning frequency, i.e. x ( x p or x ) x p , this effect will be less pronounced.
Comparing plots of samples D 1 , D 2 and Y from Fig. 1(a)-(c) , it is observed that the peaks in sample D 1 are broader and more prominent than D 2 and Y. The occurrence of secondary peaks at all fields in the case of samples D 2 and Y and the absence of the same in sample D 1 indicates that in samples D 2 and Y there is a higher defect density as compared to sample D 1 . This is also clear from the fact that the surface resistance of D 2 and Y measured in zero field, at 77 K is higher (441 and 975 lX respectively) than that of D 1 (300 lX). However, the exact reason for the occurrence of these secondary peaks before the major peaks is yet unknown. The peak observed at 4.88 GHz in sample D 1 and Y is more pronounced as compared to sample D 2 . This may be because the depinning frequency for D 1 and Y lies between 4.88 and 9.55 GHz. Another observation is that in Y sample as the field is increased the extent by which the peak shifts towards the lower temperature decreases. It shows the reentrant like characteristic. This point will be discussed later.
Magnetization measurements were also performed on another DBCO film, which was grown under identical conditions, using vibrating sample magnetometer (see Fig. 4 ). We could not observe any signature of the PE phenomenon in the M-H loops in our thin film sample. One of the differences between magnetization and microwave measurements on epitaxial thin films is that in magnetization measurements one actually probes the macroscopic shielding currents (intergranular as well as intragranular) induced in the superconductor. The microwave radiation, on the other hand, will induce small current loops, which see a much smaller cross-section of intergranular weak links as compared to the currents induced in magnetization measurements. This could be the possible reason for the absence of PE in magnetization data on any of the laser ablated YBCO and DBCO thin films reported so far. Fig. 5(a)-(c) shows the comparison of R s measured at various applied magnetic fields at fundamental and first harmonic excitation frequencies. It is observed for all the samples that the peak shifts to lower temperature as the measurement frequency is increased from 4.88 GHz to 9.55 GHz. According to Eq. (3b) the peak and dip position should be frequency independent. The usual treatment of the frequency dependence of the Labusch parameter due to thermal creep using the independent vortex scenario is also unable to account for the frequency dependence of the peak in the R s values. This discrepancy arises due to the limitations in our assumption that the collective pinning description strictly holds all across the PE region.
In the independent vortex picture, Gittleman and Rosenblum [21] assumes that each vortex remains at the bottom of pinning potential, and therefore, the flux creep factor is not taken into consideration. This picture remains valid in the collective pinning scenario [16] provided that the motion of the vortices inside the Larkin volume is small as compared to the overall pinning potential arising collectively from the pinning centers. Thus, within V c , the vortices do not experience the distribution in the restoring force arising from the distribution in the pinning potential in the system. However, close to the order-disorder transition of FLL, the usual collective pinning scenario [16] may require some modification as the vortex state transforms to an amorphous phase [11, 12] where individual vortices (or bunch of vortices) are pinned in potentials of varying strength k. Recently, Pal et al. [24] have observed evidence for this kind of glassy state close to the PE region in a twinned YBCO crystal (with H kc). This could cause the system to have a distribution in time scales which may be a possible cause for the shift in position of the peak in R s , when the measurements are carried out at different frequencies. At present we do not, however, have a more precise theory to explain the observations.
One disadvantage of the microstrip resonator technique is that one cannot access the normal state R s of the superconducting material, and hence, cannot determine the T c very accurately. In order to plot phase diagrams for the films at different applied magnetic fields, the microwave T c was taken at a point where R s is 12000 lX. The peak in R s (T) corresponds to dip in x p (marked as T onset in Figs. 1 and 6 ) from where the order to disorder transformation of vortex state starts, and this process completes at the dip in R s which corresponds to peak in x p (marked as T p in Figs. 1  and 6 ).
The comparative phase diagrams for all three samples is shown in Fig. 6 . The phase diagram comprises an ordered vortex state, which crosses over to a fully disordered state via a partially ordered phase, as the temperature or field is increased. It indicates that the ordered and disordered vortex state is different for each sample. The bending of melting line in case of Y sample shows the reentrance like behaviour. Unfortunately the magnetic field range of the electromagnet limits the measurement field at 0.9 T. From low frequency measurements (ac susceptibility) [12, 25, 26] one observes a turnaround of the T p value which is indicative of the occurrence of reentrance behaviour. This implies that while increasing field at fixed temperature one first encounters dilute low-density vortex liquid phase, followed by an ideal FLL and finally a very dense liquid phase. The results presented in Fig. 6 are in agreement with the vortex phase diagrams proposed for the measurements carried out at lower frequencies (ac susceptibility) [25, 26] .
The comparison of peaks, observed for all samples, in Figs. 1 and 3 show that the appearance or the nature of peaks is different for all samples. To understand this difference we first note that although the samples D 1 and D 2 have same chemical composition and show T c equal to that of Y, they contain different types of disorder since all the samples were grown separately. Consequently, number of pinning centers (n p ) and therefore, effective k p and x p are different in these samples. One more interesting observation to be noted from the data of sample D 2 and Y ( Fig. 1(b) and (c)) is that R s shows a small peak (a second peak at lower temperature) before the major peak in the measurements carried out at frequency of 9.55 GHz in all magnetic fields. This is the common observation in low frequency or magnetization measurements carried out on YBCO and other high T c materials [27] [28] [29] [30] [31] [32] . All these reports show that the origin of multiple peaks are the different defect structures present in the samples such as point defects/defect clusters and twin boundaries. In high T c superconductor thin films twin boundaries are generally present. The depinning frequencies for all such defects are different. The observation of multiple peak structures as shown in Fig. 1(c) suggests that there are two different types of defects present in this sample corresponding to different depinning frequencies (a few GHz to tens of GHz). From literature, the depinning frequencies for RE 123 material vary between 5 and 40 GHz [18] . At the measurement frequency of 9.55 GHz, depinning of the vortex lines from defect structures having different pinning potentials (different sets of pinning potentials) can give rise to the multiple peaks in R s (T).
Conclusions
A peak in surface resistance is observed in DBCO and YBCO thin films at subcritical currents at the fundamental frequency (4.88 GHz) and the first harmonic (9.55 GHz) excitation of the microstrip resonator. Comparison of the PE phenomenon observed in three different samples shows that nature of the peak depends on the density of pinning centers, pinning potential, and hence, on the order-disorder transition of the FLL in the sample. PE observed at microwave frequencies, in comparison with low frequency ac susceptibility measurements, shows strong frequency dependence. Peak position and magnitude vary with frequency in all the samples which are studied in the present work. It would be interesting to study PE in high temperature superconductors over a wider frequency range and at higher fields to understand the interrelation between the Labusch parameter, Larkin volume, and the vortex viscosity and their effect on the order-disorder transition of the FLL.
